In the presence of j3-glycerophosphate and vitamin C, cultures of normal mouse bone marrow cells form three-dimensional structures that stain positive with the Von Kossa technique and express alkaline phosphatase (ALP), collagen type I, and osteocalcin. Little is known about the characteristics and frequency of the cells that contribute to this phenomenon. Most likely, mature osteoblastic cells do not contribute to the nodule formation because no osteocalcin expressing cells are detected in the flushed marrow by in situ hybridization. Limiting dilution analysis shows that, in normal bone marrow, 1 of 2.2 X 1 O5 cells has the potency to form a bone nodule and to express ALP, collagen, and osteocalcin in a temporal fashion. Upon in vivo treatment with 5-fluorouracil (5-FU), this frequency increases 1 2-fold, eg, 1 in 1.75 X 1 O4 cells shows osteogenic activity. In comparison, fibroblast colony forming ONE MARROW (BM) stroma forms a network of fi-B brbblasts, adipocytes, endothelial cells, and macrop h a g e P that supports and regulates hematopoiesis and is believed to harbor the osteogenic lineage."' The fact that BM differentiates into bone ossicles when transplanted under the kidney capsule or when cultured in intraperitoneally implanted diffusion chambers supports this idea.'-" Although BM represents a unique tissue for studying the ontogeny of osteogenic cells, little is known about the frequency, morphology, phenotype, and functional characteristics of these cells. This is partly caused by the low frequency of stromal cells in the marrow and the absence of markers for each stage of progression through the lineage.
ONE MARROW (BM) stroma forms a network of fi-B brbblasts, adipocytes, endothelial cells, and macrop h a g e P that supports and regulates hematopoiesis and is believed to harbor the osteogenic lineage."' The fact that BM differentiates into bone ossicles when transplanted under the kidney capsule or when cultured in intraperitoneally implanted diffusion chambers supports this idea.'-" Although BM represents a unique tissue for studying the ontogeny of osteogenic cells, little is known about the frequency, morphology, phenotype, and functional characteristics of these cells. This is partly caused by the low frequency of stromal cells in the marrow and the absence of markers for each stage of progression through the lineage.
It is clear that the delineation of differentiation steps in the osteogenic lineage is crucial in determining the restriction points in the differentiation of pluripotent cells12 and in defining the target populations for the activity of oncog e n e~~~ and growth factors.I4 Therefore, the need exists for the identification of defined lineage markers and the establishment of cell separation and enrichment techniques that help in the purification of differentiation stages throughout the bone lineage. A step in that direction was the development of in vitro long-term stroma cultures in which the 0 1993 by The American Society of Hematology.
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cells occur at a frequency of 1 of 2.5 X 1 O4 or 1 of 5 X 1 O3 plated cells in normal or 5-FU-treated marrow, respectively. Using density centrifugation, the majority of the osteoprogenitor cells in 5-FU marrow are found in the lowdensity (1.066 to 1.067 g/mL) fractions. In addition, these cells bind to nylon wool but not to plastic and aggregate in the presence of wheat germ agglutinin and soybean agglutinin. Scanning and transmission electron microscopy shows that the bone nodules in 5-FU marrow cultures are composed of fibroblastoid cells embedded in a mineralized collagen matrix. In conclusion, our results show that a quiescent cell population in the murine bone marrow with fibroblastoid characteristics contributes to the formation of bone-like nodules in vitro. osteoprogenitor population could be expanded.12*'5s20 However, so far, few attempts were made to fractionate the BM to determine and characterize the cell population responsible for in vitro osteogenic activity.
For the purification of hematopoietic stem cells from the BM, in vivo treatment with 5-fluorouracil (5-FU) has been widely used as an initial enrichment procedure. This drug drastically reduces the number of cycling cells but spares the quiescent cells of the marrow. This nucleotide analogue exerts its debilitating effect via incorporation into DNA during the S-phase of the cell cycle, which ultimately results in cell death of cycling ~e l l s .~' -~~
In analogy with the purification of hematopoietic stem cells from the BM, an enrichment procedure for osteoprogenitor cells was developed based on in vivo treatment with 5-FU. The intention of this procedure was to determine the frequency, biophysical characteristics (eg, density, adhesion, and lectin binding), and the morphology of osteoprogenitor cells of the BM. In comparison, the frequency of fibroblast colony-forming cells was determined in normal and 5-FU-treated BM.
MATERIALS AND METHODS
Mice and BM cell preparation. Eight-to 10-week-old BALB/c mice were obtained from the animal facility of the Vlaamse Instelling voor Technologisch Onderzoek (VITO). The mice were killed and the femora removed and placed in phosphate-buffered saline (PBS). The ends of each femur were excised and the marrow expelled by ejecting a stream of PBS into the medullary cavity. The marrow was collected and dispersed until a single-cell suspension was obtained. Debris and remaining aggregates were removed by passing the cell suspension over a 100-mesh stainless steel. Red blood cells were removed by density centrifugation on 70% Percoll (Pharmacia, Uppsala, Sweden).
The animals were weighed and 5-FU (Roche) was administered at a dose of 150 mg/kg body weight by tail vein injection. Five days later, the animals were killed by cervical dislocation and their BM was processed as described above.
Cell culture. BM cells were resuspended in Iscove's medium (GIBCO, Grand Island, NY) supplemented with 10% fetal calf serum (FCS), L-Glu, penicillin and streptomycin, ascorbic acid 5-FU treatment. For personal use only. on November 11, 2017. by guest www.bloodjournal.org From (100 pg/mL), and 8-glycerophosphate (0.6% wt/wt) and plated in flat-bottom 96-well plates at different cell numbers as stated in the text. Every 3 days, 50% of the medium was replaced with fresh medium.
Histologic procedures. Cultures were fixed in neutral buffered formalin and selected areas of the cell layer were removed, decalcified with EDTA, embedded in glycol methacrylate, and sectioned in 3 pm. The sections were stained with hematoxylin and eosin. Undecalcified femur shafts were fixed in glycol methacrylate (JB-4 Polysciences) and sectioned in 3 pm. These sections were used for in situ hybridization and were counter-stained with Giemsa.
Determination ofjbroblast colony-forming units (CFU-F). The number of CFU-F was scored as described elsewhere.24 Briefly, 5-FU-treated BM cells were prepared as described above and plated in 35-mm culture dishes (Falcon) at 5 X IO4 cells per dish. Replicate cultures were incubated at 37°C for IO days and fed once by total replacement of the medium. Adherent cells were fixed with methanol and stained with May-Grunwald-Giemsa. Colonies of adherent, fibroblastoid cells were scored under a binocular (20X).
Plastic and nylon wool adherence. Adherence to tissue culture plastic was performed as described elsewhere?' Briefly, BM cells, starting at a density of IO' cells, were allowed to adhere twice to the bottom of T-75 plastic cell culture flasks (Falcon) for 1 hour at 37°C. The nonadherent cells were collected and washed with Iscove's medium. Nylon wool adherence was performed as described elsewhere ?6 Density centrifugation. Isotonic percoll was prepared according to the vendor's guidelines and diluted with PBS to final concentrations of 7O%, 60%, 55%, 50%, 45%, 40%, and 30%. A discontinuous density gradient was established. The cells were slowly layered on top and subsequently centrifuged for 5 minutes at 1,000 rpm, followed by 15 minutes at 2,000 rpm. The cells were collected from the interfaces and washed twice with Iscove's medium.
Wheat germ agglutinin (WGA) and soybean agglutinin (SBA) agglutination. Marrow cells ( 2 X lo6 cells/ml; 0.5 mL) were incubated with either SBA or WGA as described el~ewhere.~'.~' Briefly, the cells were incubated in SBA (2 mg/mL in PBS) or WGA ( I mg/mL in PBS) for 30 minutes at room temperature and then gently layered on top of bovine serum albumin (BSA; 5% wt/vol in PBS). After 30 minutes of incubation at room temperature, the agglutinated cells were sedimented and the unagglutinated cells remained at the interface with the BSA. Top and bottom fractions were collected separately and the SBA-and WGA-agglutinated cells were resuspended in D-galactose (0.2 mol/L in PBS) or N-acetyl glucosamine (0.2 mol/L in PBS), respectively. After 15 minutes at 3 7 T , the remaining aggregates were dissociated by pipetting until a single-cell suspension was obtained. The cells were washed with PBS before being put in culture.
Osteocalcin cell enzyme-linked immunosorbent assay (ELISA). The cultures were rinsed with PBS, fixed with 4% cold formaldehyde for 30 minutes at 4"C, and then washed twice with 0.05 mol/L Tris/HCI, pH 7.6. Endogenous peroxidase activity was blocked by 5 minutes of incubation at room temperature with 3% H202. The samples were rinsed with Tris/HCl, pH 7.6, and blocked with normal goat serum (l/5 diluted in Tris/HCl, pH 7.6) for 1 hour at 37°C. Rabbit-antimouse osteocalcin (kindly provided by Dr R. Bouillon, Katholieke Universiteit, Leuven, Belgium) was added at a dilution of 1/5,000 and incubated for 2 hours at 4°C. Nonbound serum was removed and the cultures were washed five times with Tris/HCl buffer. Horseradish peroxidase-conjugated goat antirabbit Ig serum (1/2,000 diluted in Tris/HCI, pH 7.6; Tago, Burlingame, CA) was added for 30 minutes at 4°C. After intensive rinsing, the cultures were incubated at 37°C in the presence of substrate solution (ABTS [Sigma, St Louis, MO] 1 mg/mL + H202 0.1 pL/ mL in citric acid/Na2HP0,, 10.5 g/14.2 g/500 mL H20) until coloration occurred. Absorbance was read in a microtiter reader at 450 nm, with a reference of 650 nm. As a control for the nonspecific binding of the antimouse osteocalcin antiserum, nonimmune rabbit serum was used under the same conditions. The amount of osteocalcin incorporated in the culture was determined in comparison with standard ELISA of purified mouse osteocalcin (kindly provided by Dr R. Bouillon). The sensitivity of this assay was 0.3 ng/mL for osteocalcin, whereas no reactivity was observed with FCS.
DNA measurement. Cultures were washed with PBS and frozen and thawed in the presence of H,O. A sample was mixed with 2 mL of TNE buffer (0.1 mol/L NaCI, 10 mmol/L Tris-HCI, 1 mmol/L EDTA, pH 7.4) supplemented with Hoechst dye 33258 and incubated for 1 hour at room temperature. DNA was measured according to manufacturer's guidelines in a Hoefler TKO 100 DNA Fluorometer. Calibration of the fluorometer was performed using a standard of mouse thymus DNA. A sensitivity of 5 ng/mL DNA was obtained.
Alkaline phosphatase (ALP) activity. ALP enzyme activity was determined as described elsewhere. 29 The cultures were incubated with 0.1 mol/L sodium acetate solution supplemented with 0.1 % Triton X-100 and 5 mmol/L p-nitrophenol phosphate (Sigma 104), pH 9.6, for 1 hour at 37°C. Absorbance was determined at 405 nm and compared with a pnitrophenol standard titration curve. ALP activity was expressed as nanomoles of pnitrophenol formed per minute in relation with the DNA contents per well.
Von Kossa staining and calcium determination. Cultures were fixed with methanol and stained following the method of Von Kossam with 5% AgN03. Calcium levels were determined as described elsewhere." The cell cultures were washed three times with Ca2+-and Mg2'-free PBS and incubated overnight at room temperature in 0.6 N HCl. The extract was transferred to a 96-well plate and calcium was complexed with o-cresol-phthalein-complexon (Test Combination Calcium; Boehringer Mannheim, Mannheim, Germany). The colorimetric reaction was read at 570 nm in a spectrophotometer. The absolute calcium concentration was determined in comparison with a calibrated standard provided by the vendor and related to the DNA content per well.
Collagen synthesis. Collagen synthesis was measured as the incorporation of ('H)-proline (Amersham, Amersham, UK) into collagenase-digestible protein (CDP).32 The collagenase was purchased from Worthington (NJ) and was substantially free of nonspecific protease activity. The cell cultures were exposed to ('H)-proline (1 pCi/well) for 18 hours at 37°C and then washed three times with PBS. Collagenase was added (0.1 mg/mL in PBS) for 1 hour and the CDP was measured in a liquid scintillation counter. The amount of CDP was related to the DNA content per well.
Scanning and transmission electron microscopy. For scanning electron microscopy, the cultures were rinsed with PBS and fixed for 1 hour with 2.5% sodium cacodylate in 0.1 mol/L phosphate buffer (pH 7.2). After rinsing, the cultures were postfixed for 1 hour with 1% osmium tetroxide in the same buffer. The cultures were subsequently rinsed and progressively dehydrated with alcohol. They were processed for critical point drying (Balzers Union, Liechtenstein) in C02 and then coated with gold (50 nm; Balzers Union). The cultures were observed in a JEOL JSM-Fl5 microscope (Japan). For transmission electron microscopy, the cultures were washed once with PBS and then fixed for 2 hours in a glutaraldehyde (3%), paraformaldehyde (I%), sucrose (5%) solution in sodium-cacodylate buffer (0. l mol/L, pH 7.2) at 4°C. The cultures were subsequently washed twice in the same buffer and then postfixed for I hour in 1% osmium tetroxide in the same buffer. After dehydration of the cultures with alcohol, the samples were embedFor personal use only. on November 11, 2017. by guest www.bloodjournal.org From , ded in Epon. Sections were prepared on an LKB ultramicrotome, stained with uranyl acetate and lead citrate, and analyzed on a JEOL I200 EX microscope.
RNA preparafion and Northern blot. Total cellular RNA was prepared by acid guanidine thiocyanate/phenol/chloroform extraction as described else~here.~'The RNA was fractionated by electrophoresis in 1.5% agarose containing IO mmol/L sodium phosphate after denaturation with glyoxal and dimethyl sulfoxide. RNA was transferred to Biodyne filters (Pall) and hybridized to "P-labeled ALP, collagen type I, and osteocalcin cDNA probes, kindly provided by Dr Beatrice Mintz," Dr Mon-li Chu;' and the Genetics Institute;6 respectively. Hybridization and washings were performed according to the manufacturer's guidelines.
In sifu hybridizafion. Antisense oligodeoxynucleotides specific for osteocalcin (5'-TCTGGGCTGGGGACTGAGGCT-T) were prepared on a DNA synthesizer (Biosearch, Cyclone DNA Synthesizers) by means of fi-cyanoethyl-phosphorymidite chemistry, as described elsewhere.37 The oligonucleotides were labeled with the DIG oligotide labeling kit (Boehringer Mannheim) according to the vendors instructions. In situ hybridization was performed on undecalcified femur shafts embedded in glycol methacrylate. Sections were deproteinated using proteinase K at a concentration of I pg/ mL for 30 minutes at 37OC. Successively, the sections were incubated in 0.2% glycine and then prehybridized at 42°C for 2 hours in 50% deionized formamide supplemented with 5X SSC (1 X SSC = I50 mmol/L NaCl and I5 mmol/L sodium citrate), Denhardt's solution, 1 mmol/L EDTA, and 500 pg/mL tRNA. Hybridization was performed overnight at 42°C in hybridization solution including all prehybridization reagents supplemented with approximately IO ng antisense or sense osteocalcin oligoprobes. The slides were then washed three times for 1 hour each in 50% formamide 2x SSC and 0. I X SSC, respectively. Hybridized osteocalcin oligoprobes were detected using goat-antidioxygenin monoclonal antibodies (Boehringer Mannheim).
Limifing dilufion analysis. Limiting dilution cultures were performed as described else~here.'~ Briefly, cell cultures were set up at different plating densities and stained with the Von Kossa technique after 30 days. The percentage of wells showing no Von Kossa positive nodules was calculated for each cell plating density and was plotted against the number of BM cells plated per well. The number of cells required to form one bone nodule, which reflected the proportion of osteoprogenitor cells in the entire BM population, was then determined from the point at which the line crossed the 37% level, ie, F, = e-", where F, is the fraction of wells without bone nodules and x is the mean number of osteoprogenitors per well. Based upon a Poisson di~tribution~~ of progenitor cells, F, = 37% corresponds to the dilution at which statistically there is one progenitor cell per well. In addition, the cultures were stained with May-Grlinwald-Giemsa and the frequency of fibroblast colonyforming cells was determined using identical statistical analysis.
RESULTS
BM cells cultured in medium containing /3-glycerophosphate and ascorbic acid form distinct three-dimensional (Fig IA and B) . Histologic observations of cross sections (perpendicular to the substrate) show that the nodules are covered by elongate to cuboidal osteoblast-like cells and contain osteocyte-like cells that are embedded in a connective tissue matrix (Fig IC and D) . In addition, these cultures express ALP, collagen type I, and osteocalcin, as shown in the Northern blot in Fig 2. It is of interest to note that, although in the absence of either 8-glycerophosphate or ascorbic acid three-dimensional structures were formed, no mineralization occurred. The latter structures have no characteristic "nodular" morphology, as illustrated in Fig IB, and appear under the microscope as piled colonies of fibroblastoid cells (data not shown). Based on two observations it is unlikely that .mature osteoblastic cells from the bone-lining surface contribute to this phenomenon: (1) microscopic examination of undecalcified femur sections shows that the flushing procedure does not detach the cells in close proximity to the bone and consequently does not expose the bone-lining surface to mechanical sheering ( Fig 3A) ; and (2) in situ hybridization on flushed BM (Fig 3B) and on flushed, nondecalcified bones (Fig 3A) shows that, whereas bone-lining cells and osteocytes stain positive with the osteocalcin probe, the marrow in close proximity of the bone and the flushed marrow is negative for this marker. The progression of 5-FU BM cells through the different stages of osteogenic differentiation is shown because of the chronologic display of ALP activity, collagen, and osteocalcin synthesis, showing maximum levels around days 15, 18 , and 2 I of culture, respectively (Fig 4) . In comparison, the mitotic activity of the culture precedes the expression of these markers and peaks around day 12 of culture. Beyond this time point, the (3H)-TdR incorporation decreases to a steady state within a 3-day period. Coinciding with the rise in osteocalcin, mineralization occurs to the point that, at later stages ofculture, white deposits could be observed macroscopically.
The (Fig 5B) . In comparison, fibroblast colony-forming cells, stained with MayGriinwald-Giemsa, occur at frequencies of 1 of 2.5 X lo4
(0.004%) and 5 x IO3 plated cells (0.02%) in normal (Fig 5C) and 5-FU- (Fig 5D) treated marrow, respectively (data not shown). This may suggest that cells with osteogenic activity represent between 1 1% and 30% of the CFU-F population in normal and 5-FU-treated marrow. It is of interest to mention that, although the absolute frequencies of the osteoprogenitor cells and CFU-F differ from one experiment to the other, the ratio between both populations remains virtually constant. To delineate the cellular fraction within the 5-FU-treated BM that harbors the osteoprogenitor population and contributes to in vitro nodule formation, 5-FU marrow was further fractionated on the basis of density, adherence, and agglutination. Upon density centrifugation on discontinuous Percoll gradients, cells that form mineralized nodules are present in all densities, providing sufficient cell numbers were plated. However, osteoprogenitor activity is significantly enriched in the 30% to 40% Percoll fractions that correspond to densities between 1.066 and 1.067 g/mL (Table 1 ). This explains why the numbers of wells showing osteogenic activity in the low-density fractions are higher than expected based on the limiting dilution data. When marrow cells were incubated on nylon wool, no cells with the potential to form bone-like nodules are detected in the eluate. In contrast, after incubation on plastic, the nonadherent cells show clear osteoprogenitor activity and develop into intensively mineralized cultures ( osteoprogenitor activity resides in the agglutinated cell fracnmol/min, 9,620 cpm, and 7 ng/well for the respective tion (Fig 6) . Neither of the fractionation procedures menmarkers. This illustrates once more the enrichment of ostioned above results in increased cell death of the marrow teogenic activity obtained by these fractionation procesample. Moreover. stromal outgrowth was similar in the dures. treated and untreated samples. When identical cell numbers Scanning electron microscopy shows that bone-like nodwere cultured, the fractionated samples show increased ules are composed of large fibroblast-like cells embedded in ALP activity, collagen, and osteocalcin synthesis compared a matrix of mineralized collagen (Fig 7A and B) . In certain with the untreated samples. Indeed, whereas respective Valareas, the density of the matrix made underlying cells undisues for ALP activity. collagen, and osteocalcin synthesis of tinguishable. Areas between the nodules show no collage-12 nmol/min, 6,000 cpm, and 4 ng/well are detected in nous material or mineral deposits and are sparsely occupied cultures of untreated cells ( 5 X I O4 cells/well), fractionated by macrophage/granulocyte-like cells that display a cells, when plated at the same density. give values of 18 rounded morphology and membrane ruffling (Fig 7C) .
For personal use only. on November 11, 2017. by guest www.bloodjournal.org From 2 1 5 1 8 2 1 2 4 2 EDAX analysis shows that the mineral component of the matrix consists mainly of calcium and phosphorous (Fig 8) .
Moreover, x-ray diffraction analysis shows the hydroxyapatite nature of the calcium phosphate deposits (Fig 9) . According to transmission electron microscopy, the nodules are composed of cells with a fibroblastic morphology displaying a variety of membrane protrusions. Their cytoplasm is characterized by a large nucleus, many irregularly shaped mitochondria, and abundant rough endoplasmic reticulum (Fig IOA) . Banded collagen fibers are densely packed between the cells. Furthermore, needle-shaped minerals in association with collagen and numerous matrix vesicles are apparent (Fig IOB) . No collagen or mineral deposition is observed outside the nodules. These areas are seeded with granulocyte/macrophage-like cells displaying membrane ruffling with many vesicles and protrusions and a cytoplasm with large numbers of lysosomes and secretory granules (Fig IOC) .
DISCUSSION
Upon culture of normal murine BM, stromal cells form mineralized structures that bear a great resemblance to the 
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For personal use only. on November 11, 2017. by guest www.bloodjournal.org From Marrow cells of 5-FU-treated animals were layered on a discontinuous gradient of 30%, 40%. 45%. 50%. 55%. 60%, and 70% Percoll fractions.
The cells were separated on density by centrifugation, collected from the interfaces, and washed. For example, 60-70 signifies that cells were collected from the interface between the 60% and 70% Percoll layer. After 25 days, the cultures were stained with the Von Kossa technique and the number of positive cultures was scored. The results represent the percentage of wells showing mineralized nodules. A representative experiment is shown bone-like nodules described in human and rat.'7,39-41 This phenomenon does not require the addition of exogenous hormones to the system. This is of interest because glucocorticoids, more precisely dexamethasone (Dex), have been shown to induce terminal differentiation of osteogenic cells in tissue culture. Mass population studies and limiting dilution analysis showed that in vitro bone nodule formation is enhanced in the presence of glucocorticoids, more precisely Dex. However, according to the same studies, Dex appeared not to be a requirement for in vitro o s t e~g e n e s i s .~~~' In an attempt to verify whether Dex has similar effects on murine BM cells, we found that concentrations up to lo-'' mol/L significantly reduce bone nodule formation and bone protein (ALP, collagen, and osteocalcin) synthesis by the latter cells (data not shown). Possibly, the discrepancy in results can be explained by differential responsiveness of different species to glucocorticoids. Along this line, it was shown that glucocorticoids have growth stimulatory effects on rat osteoblasts, whereas identical concentrations block mouse osteoblast proliferation.& However, at this point, the role of naturally occumng glucocorticoids during osteogenic differentiation of mouse marrow cells cannot be ruled out be- cause hormone levels in the culture medium may be sufficient to drive nodule formation. Because there is no single definitive marker for bone, the nodules were identified as being "bone-like'' based on their microscopic characterization and their expression of alkaline phosphatase:' collagen type 1,48,49 and osteocalcin, a noncollagenous protein that is currently believed to be exclusively synthetized by cells associated with b~n e .~' ,~' It can be assumed that the osteogenic activity in these cultures results from mature osteoblastic cells detached from the bone-lining surface by sheering forces of the flushing proce- For personal use only. on November 11, 2017. by guest www.bloodjournal.org From flushing and covers the complete bone surface. Furthermore, in situ hybridization shows that, whereas the osteocytes and the bone-lining cells stained bright with an osteocalcin probe, the marrow in the vicinity of the bone and the flushed marrow were negative for this marker. Although the presence of a minor number of osteoblastic cells in the flushed marrow cannot be excluded, the temporal expression of ALP, collagen, and osteocalcin and the negligible levels of these markers at early explanation times makes it rather unlikely that contaminating mature osteoblast would be solely responsible for the in vitro bone formation in this model. The kinetic study of bone-associated markers in cultures of 5-FU-treated BM shows the temporal expression of ALP, collagen, and osteocalcin after a decrease in mitotic activity and preceding final mineralization. This resembles the situation in cultures of rat calvaria osteoblasts, which also showed a temporal sequence of expression of markers encoding the osteoblast phenotype characterized by three distinct periods: proliferation, extracellular matrix maturation, and mineralization.'* BM cultures contain a variety of cell types. Therefore, part of the thymidine incorporation, ALP activity, and collagen synthesis in these cultures has to be ascribed to cells that do not belong to the osteogenic population. Although we cannot exclude the latter fact, we like to emphasize that the increase in thymidine incorporation, ALP activity, and collagen synthesis coincides especially with the formation and outgrowth of bone nodules, as observed in the microscope. No correlation with the occurrence and increase in size of other fibroblastoid colonies was observed (data not shown).
To quantify the osteoprogenitor cells of the BM, the abil- t o~i s * ' -~~ and was previously used for the enrichment and purification of hematopoietic stem cells from the BM.S3 The 5-FU resistance of marrow osteoprogenitor cells suggests their nonproliferative nature in vivo. This correlates with the data on the quiescent status of the fibroblast compartment of the marrow stroma,'"56 which is believed to harbor these cell^."^"^^" In support, our data show that 5-FU treatment results in an enrichment of the fibroblast colonyforming cells as well. In normal marrow, they represent 0.004% of the cells, a frequency that is fivefold increased in 5-FU-treated marrow, eg, 0.02%. A linear relationship between the number of cells plated and the fraction of the wells without nodules was obtained, which suggests the single-hit kinetic of the system. Therefore, cooperation between different categories ofcells in the isolate was probably not required. Although the data strongly suggest that the bone nodules arise from an individual osteoprogenitor cell without participation from other cell types within the initial cell isolate, it cannot be excluded that homotypic cell-cell interactions between progeny of such an individual osteoprogenitor cell may be necessary for expression ofbone nodu l e~.~" Based on the in situ hybridization data, it is evident that the frequency of osteogenic cells shown in this report may be underestimated, because it is unlikely that all progenitor cells were flushed from the marrow. Although the absolute frequencies of the CFU-F and osteoprogenitor cells in normal and 5-FU BM differed from one experiment to the other, the ratio between both populations remained virtually constant. This suggests that I I% to 30% ofthe CFU-F have osteogenic potential. This ratio is similar with in vivo transplantation data that indicated that 15% of in vitro derived fibroblastic clones yielded bone tissue when transplanted under the renal cap~ule.'~ To better characterize the stroma subpopulation of the 5-FU BM that comprises the osteogenic lineage, marrow cells were fractionated on the basis oftheir biophysical characteristics. Density centrifugation on discontinuous percoll gradients showed that osteogenic activity was present over a wide range of densities, but was enriched in the lower densi- For personal use only. on November 11, 2017. by guest www.bloodjournal.org From ties around 1.066 to 1.067 g/mL. This explains why the number of wells showing osteogenic activity was higher in the lowdensity fractions than expected based on the osteoprogenitor cell frequency as determined in limiting dilution analysis. Furthermore, these data correlate with the density distribution of the marrow CFU-F population and the osteogenic potential of fractionated calvaria and marrow cells in vitro and in V~V O .~~*~-~' Indeed, ectopic transplantation of marrow subpopulations obtained by ficoll density centrifugation showed that, although all marrow fractions formed fibrous tissue, cartilage, and bone, two of the fractions with densities of 1.05 to 1.064 and 1.064 to 1.067 displayed a more outspoken degree of osteogenic activity!'
In addition, upon density centrifugation of calvaria cells, the most immature osteoblasts locate in the lowestdensity fra~tions.6~ The osteoprogenitor activity could be abolished from a marrow cell suspension by incubation on nylon wool but not on plastic. Nonadherence to plastic is a characteristic for the majority of osteoprogenitor cells because their plating efficiency was comparable in control and nonadherent marrow. This is in agreement with studies in the human system in which BM was reported to contain nonadherent lowdensity (NALD) cells with osteoprogenitor activity!* This suggests the differential adhesion characteristics of certain subpopulations of the CFU-F compartment, which is considered as a family of predominantly adhesive Agglutination characteristics of 5-FU BM showed that the majority of the osteoprogenitor activity was observed in the WGA+ and SBA+. This is of particular interest in view ofthe fact that not all fibroblastic cells express these markedand that expression of WGA may represent an important feature of osteoblast differentiati~n!'*~* Scanning and transmission electron microscopy of mineralized cultures of 5-FU-treated BM showed that the bonelike nodules consist of fibroblastoid cells that resemble those described in cultures of adult osteoblasts from rat calvaria.394'b9 The cells in the nodules displayed an elongated shape with a welldeveloped rough endoplasmic reticulum and a rounded nucleus. They were embedded in a mineralized matrix in which collagen fibrils and hydroxyapatitelike crystals were visible. In addition, EDAX and X-ray diffraction analysis of the mineralized areas showed the predominant presence of calcium and phosphorous and showed the hydroxyapatite nature of the crystals, the latter being the principal form of mineral in bone."
In conclusion, this report describes a lowdensity, nonadFor personal use only. on November 11, 2017. by guest www.bloodjournal.org From herent osteogenic cell population from the BM that is 5-FU resistant and binds to WGA and SBA. It is evident that these characteristics will be of use in the further purification and identification of osteoprogenitor cells of the marrow.
